Local adaptation provides an opportunity to study the genetic basis of adaptation and investigate the allelic architecture of adaptive genes. We study DELAY OF GERMINATION 1 (DOG1), a gene controlling natural variation in seed dormancy in Arabidopsis thaliana and investigate evolution of dormancy in 41 populations distributed in four regions separated by natural barriers. Using There is a long history of research into local adaptation, especially in sessile organisms such as plants (Turesson 1922 (Turesson , 1925 Clausen et al. 1941) . A recent meta-analysis of local adaptation in plants revealed that it is rather common but not universal, with large populations being more often locally adapted than smaller ones (Leimu and Fischer 2008) .
There is a long history of research into local adaptation, especially in sessile organisms such as plants (Turesson 1922 (Turesson , 1925 Clausen et al. 1941) . A recent meta-analysis of local adaptation in plants revealed that it is rather common but not universal, with large populations being more often locally adapted than smaller ones (Leimu and Fischer 2008) .
In theoretical models, the fitness effects of new beneficial mutations fixing in a single population are expected to follow an exponential distribution (Orr 1998 ). This prediction has been supported at least qualitatively by QTL-mapping experiments in multicellular organisms (Orr 2005) . In the case of multiple populations adapting to distinct optima, the distribution of fitness effects of fixed beneficial mutations is no longer strictly exponential, because alleles can migrate among populations (Griswold 2006) . Few QTLs of moderate to large effect on a single adaptive trait have been predicted to explain most of the phenotypic differences between locally adapted populations (Griswold 2006) . Overall, however, there is a dearth of data concerning the allelic diversity segregating at QTLs controlling adaptive traits in natural populations. Are QTLs often biallelic or multiallelic? Simulations have shown that the allelic architecture can have substantial effects on adaptation (Yeaman and Guillaume 2009) . Are the same QTLs involved in local adaptation throughout the species range, or are there enough potential loci that QTLs involved in adaptation are chosen randomly by selection each time?
We study the model organism Arabidopsis thaliana (Brassicaceae) because in this species the genetic basis of adaptation can be studied in great detail (Mitchell-Olds and Schmitt 2006) . Arabidopsis thaliana is an annual plant that is capable of self-fertilization and outcrossing. We focus on DELAY OF GERMINATION 1 (DOG1), the first cloned locus controlling quantitative variation in seed dormancy in A. thaliana (Bentsink et al. 2006) . DOG1 provides a unique opportunity to study allelic diversity at an adaptive locus. Indeed, it was found to colocalize with QTLs for germination timing and fitness in the field . The timing of germination influences not only seedling survival but also the expression of other life-history traits later in the plant's life cycle (Evans and Cabin 1995; Donohue 2002; Wilczek et al. 2009 ). Overall evidence that it is under strong selection is compelling in A. thaliana (Griffith et al. 2004; Donohue et al. 2005b ) and many other plant species (Marks and Prince 1981; Kalisz 1986; Biere 1991; Gross and Smith 1991) . The timing of germination is determined to a large extent by the duration and strength of seed dormancy, a physiological process preventing the seed to germinate in the presence of permissive conditions for growth (Finch-Savage and Leubner-Metzger 2006) . In A. thaliana, germination cannot be induced until dormancy has been released by a process called after ripening (Finch-Savage and Leubner-Metzger 2006) . Broad genetic variation is present within A. thaliana for the length of after-ripening requirement (Evans and Ratcliffe 1972; Alonso-Blanco et al. 2003) , but its variation throughout the species range has not been described. In addition, nucleotide variation segregating at the DOG1 locus has not been studied and its relevance for local adaptation has not been examined.
To investigate whether a gene is involved in local adaptation, a comparative analysis of genetic divergence across various loci measured by F ST can be useful (reviewed in Holsinger and Weir 2009 ). Demographic processes are expected to influence allele frequencies and phenotypic diversity, masking the action of geographically heterogeneous selection. Yet, the effect of demography is expected to be the same for the whole genome. Natural selection, by contrast, is predicted to have the greatest influence on allele frequencies of the loci under selection (Charlesworth et al. 1997; Beaumont 2005) . At the phenotypic level, genetic divergence in quantitative traits can also be quantified using Q ST , a measure analogous to F ST (Spitze 1993) . If divergence is greater at quantitative traits than at neutral markers (Q ST > F ST ), it is possible to make inferences about the action of geographically heterogeneous selection and local adaptation (Lande 1992; Whitlock 1999) . To maximize our chance to hit the spatial scale at which local adaptation can be detected, we used a sample of A. thaliana populations collected in four broad regions separated by natural barriers. Genetic variation in this sample has been characterized for single nucleotide polymorphism (SNP) and microsatellite markers distributed genome wide by Kronholm et al. (2010) .
We report here a comparative analysis of phenotypic and genetic variation and address the following questions: (1) Is there a signature of local adaptation in DOG1? (2) Do we see two major functional alleles segregating at DOG1 or an allelic series with weaker and stronger alleles? (3) Can we identify the ecological forces driving adaptation at the seed dormancy locus DOG1?
Methods

PLANT MATERIAL
For the population genetic study, we used 289 individuals collected in 41 populations and described in Kronholm et al. (2010) . Populations are grouped in four geographically separated regions, Spain (7 populations, 70 genotypes), France (15 populations, 109 genotypes), Norway (13 populations, 64 genotypes), and Central Asia (Fig. 1) . For candidate gene association (see below), 57 individuals collected by M. Koornneef (MPI, Cologne) in and around Wageningen, the Netherlands, were added to increase statistical power (346 genotypes in total), but not included in the analysis of spatial patterns of variation.
GENOTYPING
All individuals were genotyped for 20 microsatellite markers and 137 SNP markers by Kronholm et al. (2010) . These 157 markers were considered to be "neutral markers" because they are distributed genome wide. Based on preliminary results, the first exon of DOG1 appeared to harbor the greatest number of polymorphisms (M. Debieu, unpubl. results). Thus, we designed primers to amplify and sequence the first exon of DOG1, which is 393 bp long. The primers used were D1E1-5 t -AAA CAC AAA CAC GCA AAC CA and i1re-5 t -GCC GCA CCG TAC TGA CTA CC. PCR and Sanger sequencing was performed using standard protocols, the sequencing primer was i1re. When needed PCR products were cloned to a pCR ® 4-TOPO Vector using TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA) using manufacturers instructions. Electropherograms were inspected for errors and sequences could be aligned unambiguously using BioEdit 7.0.5.3 (Hall 1999) . Sequences have been deposited to GenBank with accession numbers HQ128719-HQ129004. Some genotypes had a large length polymorphism in the first intron of DOG1. The primers ee1f-5 t -CGA CGG CTA CGA ATC TTC AG and i1re (see above) were used to amplify this polymorphism. The presence or absence of this insertion was scored by resolving the PCR products on a 3% agarose gel. We genotyped additional SNP markers distributed in the vicinity of DOG1 on the A. thaliana chromosome 5. For this, we first designed primers to amplify and sequence 9 loci around DOG1 to discover SNP markers. Primer sequences and positions are presented in Table S1 . The SNP discovery panel was composed of 16 different genotypes from different regions, two from Wageningen, four from Spain, three from France, three from Norway, and four from Central Asia. From each of the nine sequenced fragments, 1-4 SNPs were chosen for genotyping. Pyrosequencing assays were designed with the Assay Design Software 1.0.6 (Qiagen, Hilden, Germany). The SNPs were genotyped using pyrosequencing (Fakhrai-Rad et al. 2002) , with the PSQ 96MA Pyrosequencing system (Qiagen, Hilden, Germany). Primer sequences for the SNP markers are given in Table S2 . For biotinylated primers, we used the universal primer method of Aydin et al. (2006) . A universal sequence was added to the 5 t end of the specific primers.
In the PCR reaction four primers were used, the specific primers and the universal primers with the appropriate universal primer labeled with biotin (Table S2 ). For some assays the four-primer reaction did not work efficiently, so two separate PCR reactions had to be performed.
POPULATION GENETICS ANALYSES
All statistical analyses were done using the statistical computing language R (R Development Core Team 2006) unless otherwise stated. Measurements of genetic diversity, Nei's gene diversity (Hs) and allelic richness (AR) were calculated using FSTAT 2.9.3 (Goudet 2001) for the microsatellite markers. AR is a measure of the number of alleles that corrects for sample size differences between populations. To compare genetic diversity between groups of populations, a permutation test, which permutes over populations, implemented in FSTAT was used. We estimated F ST for the 137 SNP markers following Weir and Cockerham (1984) as in Kronholm et al. (2010) . For loci with more than two alleles such as microsatellites and DOG1, we used 8 ST , which takes distances between alleles into account (Michalakis and Excoffier 1996; Excoffier 2007) . 8 ST was implemented via R-scripts written by IK. 8 ST is not correlated with heterozygosity for multiallelic loci in contrast to Wright's F ST estimate (Kronholm et al. 2010) . 8 ST is in fact the best estimator of comparative analysis of F ST across markers of different types because it corrects for differences in mutation rate (or heterozygosity) between loci (Slatkin 1995; Kronholm et al. 2010; Whitlock 2011 We constructed a haplotype network of the first exon of DOG1 using TCS version 1.21 (Clement et al. 2000) . TCS implements a maximum parsimony method to infer the evolutionary relationships between the haplotypes. In analyses that required an outgroup, we used the first exon sequence of DOG1 from A. lyrata. Sequence diversity indices were calculated using DnaSP version 4.10.4 (Rozas et al. 2003) . DnaSP was also used to estimate the minimum number of recombination events in exon 1 of DOG1.
PHENOTYPING AND QUANTIFICATION OF SEED
DORMANCY
For the common garden experiment all lines were first multiplied by selfing in the greenhouse under the same environmental conditions to remove any possible maternal effects. All plants were grown in the same climatized greenhouse set at +20
• C during the day and +18
• C during the night. Natural light was supplemented with lamps to reach a photoperiod of 16 h of light when necessary. Plants were grown in a soil mixture (70% peat, 20% sand, and 10% clay) in 6 cm diameter round pots with one plant in each pot. The common garden experiment was started in the fall of 2007. Three plants (replicates) from the selfed progeny of each genotype (346 in total) were grown in a randomized block design (1038 plants in total). Seventeen plants died before flowering, and this resulted in complete loss of phenotypic information for three genotypes. Because the maternal environment can affect seed dormancy (Munir et al. 2001; Donohue et al. 2005a) , seeds for all genotypes should mature in similar environmental conditions and thus flower simultaneously. To synchronize flowering time, we planted the genotypes in three different groups. The seeds were water imbibed and stratified (cold treatment at +4 • C) in the dark for 4 days to induce germination. Thereafter, they were potted and moved to the greenhouse. After 14 days, the plants were vernalized for 28 days, in a climate chamber at +4 • C, under short days (8 h light) and then moved back to the greenhouse. Due to shifted planting of very late flowering genotypes and 4-week rosette vernalization, we were able to synchronize flowering so that most seeds matured during March-April 2008. See Supporting information and Figure S1 for details. Ripening of the siliques (fruits in Brassicaceae) was assessed visually by observing a color change from green to brown. Arabidopsis thaliana produces siliques over a long period of time, and these were harvested when there were enough ripened siliques on the plant (usually siliques were harvested from the main stem). After ripening occurred in room temperature and seeds were stored in paper bags. On the day the seeds were harvested, the germination experiment was started.
To measure seed dormancy, we measured the ability of the seeds to germinate in a time course experiment performed for each seed batch (replicate) following Alonso-Blanco et al. (2003) . For each time point, a sample of approximately 50-100 seeds were sown on a small petri dish, with filter paper. Water (700 μl) was added to imbibe seeds. Then the petri dishes were transferred to a growth cabinet with a temperature of +25
• C during the day (12 h light period) and +20
• C during the night. After 1 week, the number of germinated and dormant seeds was counted using a stereomicroscope. Seeds were scored as germinated when the root tip had protruded the seed coat. For each seed batch germination tests were performed immediately after harvest (0 weeks) and then subsequently 1, 2, 4, 8, 16, 24, 32, 40 , and 52 weeks after harvest. When a seed batch was germinating at 100% in two consecutive tests, it was considered to have lost dormancy. The germination experiment was stopped after 52 weeks. A viability test was performed for seed batches that had not reached 100% germination following Cadman et al. (2006) (see Supporting information). We found that these seeds were still viable. To quantify seed dormancy for a given replicate, we followed Alonso-Blanco et al. (2003) . We fitted a binomial regression through the germination data for each replicate, using a logit link function (Venables and Ripley 2002) . From the fitted function, we calculated the time for which the probability of germination is 0.25, 0.5, or 0.75, referred as D25, D50, and D75. This is a measure of the time of dry storage required to reach a given probability of germination (weeks of dry storage, WODS). This transformation is particularly well suited for time course experiments measuring variations in proportions (Crawley 2005) . Three estimates were used, to capture different aspects of dormancy. D25 is a time point at which early germinants appear, and D75 is a time point at which germination is nearly completed. We also used a linear model to quantify seed dormancy and got very similar results (see Supporting information for details).
Genotype means were estimated using a linear model y ijk = μ + g i + b j + e ikj , where y ijk is the phenotypic observation of the kth replicate of the ith genotype in block j, μ is the overall = E G GW mean, g i is the genotypic effect of the ith genotype, b j is the block effect for the jth block, and e ikj is the residual. Genotypic means are obtained from the term μ + g i and thus possible block effects are subtracted from the genotype means. In general, block effects were absent or very small and do not affect any biological conclusions of this study (see Supporting information). To investigate differences between populations and regions we used a linear model y ijk = μ + r i + p ij + e ijk , where y ijk is the mean phenotype of the kth genotype in the jth population within the ith region, μ is the overall mean, r i is the effect of the ith region, p ij is the effect of the jth population nested within the ith region, and e ijk is the residual. The estimation of heritabilities and Q ST is described at the end of the section Methods.
ASSOCIATION BETWEEN DOG1 AND SEED
DORMANCY
We tested whether genetic variation in DOG1 is associated with phenotypic variation in seed dormancy. F ST between these A. thaliana populations is usually high (Kronholm et al. 2010) . To avoid spurious marker-phenotype associations that arise when some alleles are associated with certain populations, population structure has to be corrected for. We performed an association test using mixed model association following Yu et al. (2006) using the PK T method of Stich et al. (2008) to control for population structure and kinship of individuals within populations. Thus related genotypes are accounted for. The SNP markers were used in determining the optimal value of T for the kinship matrix (Table S3 ). Detailed description of the model is given in Supporting information. Correcting for population structure is important (haplotype 1) × Fet-6 (haplotype 5), both from France, (size of F 2 -population N = 133); Cam-4 (haplotype 15) × Fet-6 (haplotype 5), both from France (N = 126); Cam-4 (haplotype 15) × All2-1 (haplotype 1), both from France (N = 145); Kon-2-2 (haplotype 19) × Fet-6 (haplotype 5), from Norway and France, respectively (N = 121); Kon-2-2 (haplotype 19) × Nfro-1-4 (haplotype 18), both from Norway (N = 122). F 1 individuals were allowed to self to produce F 2 seeds. Leaves were collected from F 2 individuals for DNA extraction after flowering. To genotype DOG1 in the F 2 populations, pyrosequencing assays were designed for DOG1 SNP markers distinguishing segregating haplotypes. Primers for these assays are given in Table S2 . Dormancy was measured in F 3 seeds collected in a common garden experiment similar to the one described above (see Supporting information) and associated with the DOG1 genotype of the corresponding F 2 individual. For this, the F 2 populations were analyzed using a linear model y ij = μ + g i + e ij , where y ij is the phenotypic observation of the jth line in genotypic class i, g i is the effect of the ith DOG1 genotypic class, and e ij is the residual. 
ESTIMATION OF HERITABILITIES AND Q ST
Broad sense heritability, which measures the proportion of observed variation that is genetic variation, was estimated as H 2 2 in our sample, without a correction many spurious associations σ G σ 2 2 . Because A. thaliana is predominantly self-fertilizing, gewould be observed ( Figure S2 ).
To increase statistical power to detect significant association between DOG1 alleles and seed dormancy, we included a sample of accessions from Wageningen. This increased the sample size to 346 genotypes. We also tested for association within the different geographic regions. In this way, associations may be revealed that are masked on the larger sample by the segregation of distinct haplotypes with similar function. After determining the optimal T G +σ E netic variance components can be estimated in a straightforward manner from our common garden experiment. Dominance variation is not defined because all lines are homozygous. Assuming complete selfing, variation between replicates within genotypes allows estimating σ 2 , the environmental variance component, and variation between genotypes allows estimating σ 2 , the genetic variance component. Q ST measures how quantitative genetic variation is partitioned between populations, and was estimated as σ 2 value, the association test for DOG1 using the mixed model was
is genetic vari- (Bonnin et al. 1996) , where σ 2 σ 2 2 G B done using the program TASSEL 2.0.1 (Bradbury et al. 2007 ).
G B +σ G W
ation between populations and σ 2 is genetic variation within Sequence haplotypes of the first exon of DOG1 were used as different alleles in the association study. Because there were multiple tests done due to multiple alleles, we corrected for multiple testing using the Bonferroni-Holm correction (Holm 1979) .
LINKAGE ANALYSIS BETWEEN DOG1 AND SEED DORMANCY IN F 2 POPULATIONS
To confirm some of the candidate gene associations, we constructed F 2 populations where alleles that had significant associations to dormancy were segregating. The crosses were: All2-1 populations. We used two different methods to estimate the variance components: a linear mixed effects model in R, from which variance components were estimated using REML (Venables and Ripley 2002) or a Bayesian method of estimating variance components implemented in WinBUGS 1.4.3 (Lunn et al. 2000) . The model itself stays the same for these two methods, only the method of estimating variance components differs. For heritability, variance components were estimated from a model y ijk = μ + b i + g j + e ijk , where y ijk is the phenotypic observation of the kth replicate of the jth genotype in the ith block, b i is the block effect 
COVARIATION OF DORMANCY AND DOG1
VARIATION WITH CLIMATIC VARIABLES
To find possible causes for selection, we examined if trait values of the populations are related to any environmental variables. We used the program DIVA-GIS 5.2.0.2 (Hijmans et al. 2001) in combination with the 2.5 arc-minute resolution current global climate environmental data (Hijmans et al. 2005 ), available at www.worldclim.org. We extracted 10 climatic parameters for our populations: latitude, altitude, annual mean temperature, temperature seasonality, mean temperatures of the warmest or coldest quarters, annual precipitation, precipitation seasonality, and precipitations over the warmest or the coldest quarters. These data were an average of the conditions in the past 50 years. Thereafter, we built a linear model that explains variation in plant traits by climatic conditions. Population means were used in this analysis (see Supporting information for details). After identifying that summer precipitation is correlated with dormancy (see results), we calculated a pairwise matrix of absolute differences between populations for this variable. A matrix of pairwise F ST values of DOG1 or neutral markers between populations were correlated to a matrix of environmental distances. Mantel tests were used to assess the statistical significance of the correlations, implemented in R-package vegan (Oksanen et al. 2007) .
Results
POPULATION GENETICS OF DOG1
Twenty-two haplotypes could be defined for DOG1 on the basis of the sequence of its first exon and a large insertion in the first intron (Table S4) . A summary of haplotype frequencies by region is presented in Table 1 . In total, 11 haplotypes were present in the Spanish populations, six in the French and Norwegian populations, and three in the Central Asian populations. Different haplotypes were at high frequency in different regions. In Spain, haplotypes 5, 9, 10, and 14 were at moderate frequencies, while other haplotypes present in Spain were at low frequencies. In France there were two predominant haplotypes, 1 and 15. In Norway three haplotypes, 2, 18, and 19 were at high frequencies. Finally, in the Central Asian populations haplotypes 4 and 21 were at nearly equal high frequencies and 22, also was at moderate frequency. DOG1 haplotype diversity (Hd) was 0.87 in Spain, 0.62 in France, 0.77 in Norway, and 0.64 in Central Asia. For microsatellite markers AR was 2.269, 1.720, 1.245, and 1.383 for the Spanish, French, Norwegian, and Central Asian populations, respectively. Except when comparing the Central Asian populations to those of Norway and France, differences in AR were significant (P < 0.05, 1000 permutations). Only one recombination event could be detected between haplotypes 2 and 22, which have a mutation at position 2 (see Supporting information for details). These two haplotypes segregate at low frequency in our sample and are found in different regions (Table 1) .
The haplotype network of DOG1 is presented in Figure 2 . The A. lyrata outgroup cannot be joined to the network with 95% confidence. The Spanish haplotypes are mostly found in the central part of the network, while haplotypes from other regions occupy the peripheral parts of the network. The closely related haplotypes 18 and 19, which are found only in Norway and at high frequency, are connected to haplotype 5 by a long branch. Haplotypes 15 and 1 that are common in France are not closely related to each other, unlike haplotypes 4, 21, and 22 which are common in the Central Asian populations. The common haplotypes in France are present in Spain at low frequencies (Table 1 , Fig. 2 ). While the restricted geographic distribution of DOG1 haplotypes reveals the possibility that there is local adaptation, this could be a result of drift and restricted gene flow. Therefore, we tested whether genetic differentiation in DOG1 is higher than expected by chance alone. 8 ST for DOG1 was 0.8502 for all 35 European populations and 0.8769 when the Central Asian populations were included. These values lie in the tails of the neutral marker distribution (Fig. 3) If DOG1 is under selection, population genetic theory predicts that there should be a peak of F ST at the position of DOG1, when genetic divergence is viewed along the chromosome (Charlesworth et al. 1997 ). We tested this by using SNP haplotypes around the position of DOG1. It is clear that 8 ST peaks at the position of DOG1 and then decreases to levels expected from the neutral markers (Fig. 4) . Within population genetic variance is included in F ST measurements. This could be a problem if there are different amounts of within population genetic variance in different chromosomal regions, due to differences in the amount of crossing over, for example (Charlesworth et al. 1997) . Therefore, we also calculated the between-population heterozygosity (H T − H S ). The results show that there is also a peak for between-population heterozygosity at the position of DOG1 (Fig. 4) . This suggests that the high genetic differentiation is specific to DOG1.
GENETIC VARIATION IN SEED DORMANCY
Heritability values for seed dormancy are presented in Table 2 . The heritability, calculated over all genotypes in the population (Fig. 5) . However, within all regions, there was a substantial amount of variation with differences among population means being often greater than differences between region means (Table S5) . Within each region, there were some populations that had levels of dormancy different from the rest of the populations as well as low genetic variation. This can be an indication of local adaptation (see Supporting information). 
ASSOCIATION BETWEEN
DORMANCY
We tested whether allelic variation in DOG1 was associated with phenotypic variation in seed dormancy, by performing a candidate gene association study with DOG1. First, we tested each DOG1 haplotype for association with each of the three seed dormancy estimates (D25, D50, and D75) in the whole sample. We also performed an analysis of genetic association within each of the regions (Table 4) . Haplotype 4, which is present in French, Dutch, and Central Asian populations, was the most strongly associated allele. It was associated with increased dormancy. Haplotype 4 has the highest marker R 2 values explaining up to 9% of the variance in the French populations. Haplotypes 6, 9, and 10 were weakly associated with dormancy when only the Spanish populations were considered, although they are not significant after correcting for multiple testing (Table 4) . Haplotype 13 was weakly associated with an increase of dormancy in the whole sample. Haplotype sample, was around 0.8. The heritability remained high when calculated over genotypes within each of the regions (Table 2 ) and REML and the Bayesian methods gave nearly identical results.
High heritability values show that the observed differences in seed dormancy between the different genotypes were mostly due to genetic variation. There were significant differences in seed dormancy both between regions, and between populations within regions (Fig. 5 , Table 3 ). The strongest seed dormancy was observed in Central Asian populations, where some genotypes were still dormant after one year of after ripening. Among the European regions, seed 15 was associated with decreased dormancy in the French populations. Although, the effect of haplotype 15 is seen only for D25, it explains comparatively large amount of the variance, 5% (Table 4) . Haplotypes 18 and 19 were also weakly associated with decreased dormancy in the whole sample. Haplotypes 21 and 22 were both associated with decreased dormancy in the Central Asian populations.
LINKAGE ANALYSIS OF DOG1 SEED DORMANCY
To confirm some of the associations and to examine allelic effects of different DOG1 haplotypes, we performed linkage analysis between DOG1 haplotype and seed dormancy in a set of F 2 populations generated by crossing parents carrying distinct alleles. DOG1 had Mendelian segregation in all crosses except in the cross Cam-4 × Fet-6 (haplotypes 15 and 5), where segregation Allelic effects conferred by the different haplotypes were mostly around one week, with up to 2 weeks in the F 2 population in which haplotypes 15 and 5 segregated (Table 5) . Dominance coefficients were very close to zero, indicating that DOG1 alleles behaved almost additively. In general, observed allelic effects were not as large as one could have expected from the phenotypic differences measured for the parents in the common garden experiment. But dormancy levels of the parent lines measured in the F 2 experiment were also lower than in the common garden experiment.
LOCAL ADAPTATION FOR SEED DORMANCY
To test if the observed differences in seed dormancy are adaptive, Q ST for seed dormancy was compared to F ST values from neutral markers. Although some of the observed Q ST values were high, they were never outside the distribution of neutral markers and the confidence intervals around these estimates were large (Table 6) . Q ST for dormancy was always higher than 0.7 except in Spain, where Q ST was only 0.38 (Table 6) . Cosegregation of seed dormancy and DOG1 in F 2 populations. D50 difference is the difference in the mean homozygote values  for the different haplotypes. The significance of this difference was tested with a post-hoc test (Tukey HSD), corrected for Variation for seed dormancy was also compared to environmental variation. Summer precipitation (precipitation in the warmest quarter of the year) partly explains variation in seed dormancy (Fig. 6) , with populations that received more precipitation in the summer being less dormant. In a linear model with dormancy (D25) as a response, summer precipitation was significant (F 1,33 = 16.16 and P = 0.0003; R 2 = 0.31). There were some outlier populations that were quite dormant but received a considerable amount of precipitation (Mog and Sk-1), or were nondormant but received considerably more precipitation than the other populations (Veg-1 and Veg-2). These outliers did not drive the relationship, as excluding them increased the R 2 to 0.41. Setting the small negative values for some nondormant populations to zero had almost no effect. Because the climate of the Central Asian populations is quite different from Western Europe, it makes sense to compare only the European populations, which form a cline, therefore only the European populations were used. However, the relationship remained significant when the Central Asian populations were included (P = 0.0011, R 2 = 0.22).
The effect of summer precipitation was the strongest for D25, but remains significant for D50 (P = 0.005, R 2 = 0.16). Furthermore, summer precipitation had an effect even when it was included in a model with geographic region as a factor (P = 0.044, R 2 = 0.29). We also investigated if including population structure, as means of principle component analysis (PCA) components that were used in the association study for each population, had any effect on the model. We included the first two components. In a model with D25, summer precipitation and the two PCA components, only summer precipitation had significant effect on dormancy (P = 0.007, R 2 = 0.27). The two PCA components were not significant (P = 0.968 and P = 0.741 for components 1 and 2, respectively). When both latitude and summer precipitation were included in the model, only summer precipitation had a significant effect (P = 0.034, R 2 of the full model was 0.30) and the effect of latitude was not significant in this model (P = 0.502). In such a dataset many environmental variables are correlated with latitude. However, the effect of summer precipitation seems to be the main factor because it is the only one that remains significant when latitude or temperature are analyzed jointly with summer precipitation (see Supporting information for details). Additionally, the correlation of seed dormancy to summer precipitation is stronger than to any of the nine other climatic parameters we tested (Table S6) . Five other phenotypic traits were scored in the same common garden experiment (flowering time, number of basal and lateral branches, plant height at maturity, seed weight) and seed dormancy was the only phenotypic trait correlated with summer precipitation (Table S7) . We also tested for selection on DOG1 by comparing genetic distances to environmental differences. If genetic divergence between populations increases as an environmental variable changes, a stronger divergence for functional variation than for neutral variation might suggest that selection is operating. Neutral divergence did not correlate with summer precipitation differences between populations, but DOG1 divergence increased slightly with increased differences in summer precipitation. This relationship is only suggestive for all European regions together or when the Spanish and the French populations were used. However, when the Norwegian and the French populations are compared the correlation is weak but significant (Table 7) . This result further suggests that DOG1 variation in these populations is not neutral.
Discussion
We report here a series of population genetics and functional genetic analyses that collectively bring a strong indication that DOG1 is subject to local selection in A. thaliana, thereby emphasizing the importance of studying local adaptation with an array of approaches. Below, we first show that our results are robust to the major caveats associated with F ST -based approaches and then discuss the possible reasons for the discordant result of the Q ST /F ST analysis. We further review all other lines of evidence that support local adaptation for DOG1. Finally, we discuss our results in the light of population genetics models and highlight their implications for our understanding of local adaptation in general.
Our study provides several lines of evidence that consistently support that natural selection has shaped variation at DOG1. First, 8 ST for DOG1 was higher than expected from neutral markers (Fig. 3) . Estimates of neutral F ST could be in some instances underestimated as a consequence of ascertainment bias in the choice of SNP markers (Clark et al. 2005) . However, we believe it is unlikely that SNP ascertainment has a large effect on F ST estimates in our study. The selected SNPs indeed tended to have a high frequency throughout the species range, but we observed in a previous study that F ST estimates were not biased (Kronholm et al. 2010) . This is presumably because SNP markers used here were selected from a sample that included genotypes from many different locations. Moreover, the microsatellite markers do not suffer from such a bias, because microsatellites have a high mutation rate. If a microsatellite locus is polymorphic in a panel of genotypes it is likely to be polymorphic in a another set of genotypes. The mean 8 ST of the microsatellite markers is nearly equal to the mean F ST of the SNP markers. For the European populations, microsatellite 8 ST = 0.660 and SNP F ST = 0.621, this again, suggests that the SNP markers are unlikely to be greatly biased by ascertainment. Importantly, we also investigated whether DOG1 is under local selection by examining 8 ST along the chromosome at the position of DOG1. SNP markers along chromosome 5 were discovered from a panel of accessions from all regions used in this study. There was a clear peak in both 8 ST and between-population heterozygosity (H T -H S ) at the position of DOG1 (Fig. 4) . This provides a strong indication that the high 8 ST of DOG1 is likely to have been caused by selection and not by a lower recombination rate in this part of the genome (Charlesworth et al. 1997) .
If DOG1 is under spatially heterogeneous selection, variation at DOG1 should cause phenotypic variation; else natural selection could not act. DOG1 is a known QTL, but alleles present in previous QTL mapping populations (Bentsink et al. 2010) are not necessarily representative of natural variation segregating throughout the species range. We therefore conducted an analysis of genetic association between DOG1 and dormancy. Several DOG1 alleles were associated with dormancy (Table 4 ) and these associations were confirmed by analyses of cosegregation between DOG1 and dormancy in F 2 populations (Table 5) . These results are therefore in agreement with the idea that the high F ST observed at DOG1 was caused by natural selection on dormancy. Importantly, the F 2 populations show at least four functional classes of alleles segregate in the population. Placing the functional differences on the haplotype network of DOG1 suggest that mutations modifying dormancy have originated several times independently from the haplotype 5, as suggested for haplotypes 1, 15 and the branch leading to haplotypes 18 and 19. In addition, haplotype 4 appears to increase dormancy and haplotype 21, decreases dormancy relative to haplotype 4 from which it is derived. Haplotypes 2 and 22, which may result from a recombination event, were associated with opposite effects on the phenotype, suggesting that recombination can also participate to the generation of novel functional alleles. However, because all other mutations are in complete linkage disequilibrium, the series of alleles found to associate with dormancy is unlikely to be explained by recombination alone. Given that DOG1 is a small gene and recombination was found also to be rare along the full DOG1 sequence (M. Debieu, unpubl. ms.), it appears that functionally different alleles in DOG1 have evolved independently, to either increase or decrease dormancy.
Classical comparative analysis of Q ST /F ST estimates of population differentiation could not reject the hypothesis that seed dormancy variation departs from neutral evolution, although this approach has proved successful in a number of other studies (Merilä and Crnokrak 2001; Leinonen et al. 2008) . Because Q ST has both high sampling variance and high evolutionary variance (O'Hara and Merilä 2005; Goudet and Bü chi 2006; Miller et al. 2008; Whitlock 2008) , our result may simply reflect the limited power of this approach (Whitlock 1999; Goudet and Bü chi 2006; Goudet and Martin 2007; Miller et al. 2008 ). Both experimental and theoretical studies have shown that finding evidence for local adaptation is very difficult when neutral F ST is very high (Le Corre and Kremer 2003; Porcher et al. 2006) . Arabidopsis is highly structured (Nordborg et al. 2005; Pico et al. 2008; Platt et al. 2010) and this is the case for our populations as well (Kronholm et al. 2010) . Other studies in A. thaliana have also failed to find Q ST > F ST (Kuittinen et al. 1997; Stenoien et al. 2005 , but see Banta et al. 2007) .
Demographic events can increase the variance of summary statistics such as F ST across the genome, so the possibility that the pattern we observed in DOG1 is due to chance alone cannot be completely discarded. However, the adaptive relevance of DOG1 is also supported by independent findings. In a field study conducted at two locations in North America, QTLs for germination timing and fitness colocalized with DOG1 (Donohue et al. 2005b; Huang et al. 2010) . The genotypes used were not local to the field sites, preventing inference of local adaptation, but show that variation in DOG1 can associate with substantial fitness effects. Here, the analysis of covariation between seed dormancy and the environment brings a novel indication that seed dormancy and DOG1 are subject to local selective forces. We observed a negative correlation between seed dormancy and the amount of precipitation received in the summer months (Fig. 6) . Variation in DOG1 showed a similar trend in Norway and France (Table 7) . Importantly, neutral markers were not correlated with summer precipitation, supporting the hypothesis that differences in dormancy between populations do not reflect only the action of genetic drift (Table 7) . This finding also reveals the putative ecological forces acting on DOG1 evolution. It fits ecological predictions for dormancy: plants can avoid summer drought by not germinating in the spring (Baskin and Baskin 1972; Evans and Ratcliffe 1972; Baskin and Baskin 1983) .
The relationship between summer precipitation and dormancy was stronger for D25 than for D50, a result suggesting that summer precipitation is important in determining the time when seeds can begin germination. In A. thaliana, the environment is known to influence seed dormancy induction, and can act to prevent early spring or summer germination and favor germination in the fall (Montesinos et al. 2009 ). In Digitaria milanjiana, the amount of total precipitation was related to seed dormancy, although a limited number of populations were studied (Hacker 1984; Hacker et al. 1984) . In contrast, germination of chilled seeds of Artemisia tridentata correlated with mean January temperature (Meyer and Monsen 1991) . Furthermore, a relationship between germination patterns and the environment was found for Linum perenne (Meyer and Kitchen 1994) and in several species of Penstemon (Meyer et al. 1995) . However, correlations between dormancy and environmental factors have not always been found (Schü tz and Milberg 1997; Petru
• and Tielbö rger 2008).
Our results may also have bearings on our understanding of the process of local adaptation in general. By using simulations, Yeaman and Guillaume (2009) showed that a genetic model with multiple alleles per locus, where allelic effects can freely evolve, permitted local adaptation in the presence of stronger gene flow than a model with biallelic loci or with a Gaussian approximation of the phenotype. As QTL effects can be larger this also permits larger selection coefficients for individual loci. Consequently, larger differences can be maintained in the presence of gene flow (Yeaman and Guillaume 2009) . By showing that DOG1 evolution fits better to a model with multiple alleles per locus, our results also find a broader significance, beyond the mere analysis of dormancy evolution. The situation we observe for DOG1 may be relatively common. A similar pattern has been found in the multiple independent loss-of-function mutations segregating for the gene FRIGIDA (Johanson et al. 2000; Le Corre et al. 2002; Le Corre 2005; Toomajian et al. 2006) . When migration between populations is low relative to mutation rate, that is 2N e μ > 2N e m, adaptation is predicted to result from the fixation of independent beneficial mutations in different parts of the species range (Pennings and Hermisson 2006) . This happens because gene flow is too small relative to mutation rate to allow for the same allele to spread to all populations where it would be beneficial. Therefore, many models in quantitative genetics, for example, Spichtig and Kawecki (2004) , do not recapitulate adequately the whole process of local adaptation. Loss-of-function alleles, as in the case of FRIGIDA, are likely to arise readily by mutations. At DOG1 we have not observed any loss-of-function alleles. Yet, mutations seem to frequently generate functional variation at this gene. Studies on natural variation in A. thaliana do indeed hold great promise for elucidating the genetic basis of adaptation (Koornneef et al. 2004) . Further studies of developmental pathways controlling adaptive traits will help explain why some genes are involved in adaptive evolution and not others.
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